Neutrophil defensins (or human neutrophil peptides-HNP) are major constituents of the azurophilic granules of human neutrophils and have been shown to display broad-spectrum antimicrobial activity. Other activities of these defensins, which are released from stimulated neutrophils, include cytotoxic, stimulatory, and chemotactic activities toward a variety of target cells. We studied the potential use of HNP-1 for antibacterial therapy of experimental bacterial infections in mice. In experimental peritoneal Klebsiella pneumoniae infections in mice, HNP-1 injection was shown to markedly reduce bacterial numbers in the infected peritoneal cavity 24 h after infection. This antibacterial effect was found to be associated with an increased influx of macrophages, granulocytes, and lymphocytes into the peritoneal cavity. These leukocytes appeared to be a requirement for the antibacterial effect, since in leukocytopenic mice administration of HNP-1 did not display antibacterial activity. HNP-1 treatment also reduced bacterial numbers in experimental K. pneumoniae or Staphylococcus aureus thigh muscle infections. In this model, radiolabeled HNP-1 was found to accumulate at the site of infection, whereas most of the injected HNP-1 was rapidly removed from the circulation via renal excretion. These results demonstrate that neutrophil defensins display marked in vivo antibacterial activity in experimental infections in mice and that this activity appears to be mediated, at least in part, by local leukocyte accumulation. ( J. Clin. Invest. 1998. 102:1583-1590.)
Introduction
In view of the increased bacterial resistance to conventional antibiotics, the study of endogenous antimicrobial peptides may lead to the development of new drugs for the treatment of infections (1) . These peptides play an important role in the innate host defense against infections in a wide variety of organisms. Human neutrophil defensins (human neutrophil peptide [HNP]-1, -2, -3, and -4) 1 are antimicrobial peptides that are stored in the granules of neutrophils and they are transferred to the phagolysosome upon phagocytosis. In vitro, these peptides kill a variety of bacteria, including Staphylococcus aureus , Pseudomonas aeruginosa , and Escherichia coli , many fungi, and some enveloped viruses (2) (3) (4) . In addition to their antimicrobial activity, defensins also display cytotoxic activity toward various eukaryotic cells and cell lines (4) . Thus, when released from stimulated neutrophils, defensins may contribute to tissue injury. Various other extracellular activities of defensins have been described (4) . These activities include chemotactic activity for monocytes and lymphocytes (5, 6) and the ability to stimulate IL-8 synthesis in airway epithelial cells (7).
The aim of the present study was to investigate the in vivo antibacterial activity of the human neutrophil defensin HNP-1 in experimental peritoneal and thigh muscle bacterial infections. Simultaneously, to explore possible modes of action, the effect of HNP-1 on peritoneal leukocyte numbers was determined to investigate whether the antibacterial activity of HNP-1 was accompanied by leukocyte accumulation (8). In addition, to study accumulation of HNP-1 at the site of infection and its biodistribution in various organs, 99m Technetium ( 99m Tc)-labeled HNP-1 was used in experimental Klebsiella pneumoniae (gram-negative) or S. aureus (gram-positive) thigh infections. These results were compared with those obtained using 99m Tc-IgG, an established marker for infection (9, 10) .
Methods
Proteins. Human neutrophil defensin HNP-1 was purified from human neutrophils as described (7). Briefly, neutrophils were isolated from enriched leukocyte preparations, obtained from the Bloodbank of the Leiden University Medical Center. Next, purified neutrophils were disrupted by nitrogen cavitation, cellular debris was removed by centrifugation for 10 min at 540 g at 4 Њ C, and the resulting supernatant was centrifuged for 20 min at 27,000 g at 4 Њ C to sediment granules. Granule proteins were extracted from this fraction using 5% (vol/vol) acetic acid and fractionated by gel filtration on a Sephacryl S-200 HR column (2.5 ϫ 100 cm; Pharmacia, Uppsala, Sweden) in 5% (vol/vol) acetic acid. The fractions containing HNP-1 were further purified by reverse-phase HPLC on a C18 column (4.6 ϫ 250 mm; Vydac, The Separations Group, Hesperia, CA) using a linear water-acetonitrile gradient that contained 0.1% trifluoroacetic acid as an ion-pairing agent. The purity of the defensin preparation was as-sessed by SDS-PAGE, acid urea-PAGE, and laser desorption mass spectrometry. The LPS content of the HNP-1 preparation at 100 g/ ml was lower than 100 pg/ml by the Limulus assay (Chromogenix, Mölndal, Sweden). Purified pyrogen-free polyclonal human IgG was obtained from the Central Laboratory of the Red Cross Blood Transfusion Service (CLB, Amsterdam, The Netherlands).
Reduction and alkylation of HNP-1. For selected control experiments, HNP-1 was used that had been denaturated by reduction and alkylation of the disulphide bonds as described by Daher et al. (11) . Briefly, HNP-1 was dissolved to a concentration of 1 mg of peptide/ ml in 10 mM sodium phosphate buffer, pH 7.4 (Na-PB). To reduce disulphide bonds into free cysteine thiols, 25 l of the HNP-1 solution was mixed with 50 l of a 1.5 mg DTT (Sigma Chemical Company, St. Louis, MO)/ml Na-PB solution. This mixture was incubated for 4 h at 50 Њ C under nitrogen to prevent spontaneous reoxidation. To irreversibly block reoxidation of the free cysteines, 0.1 ml of an iodoacetamide (Sigma Chemical Co.) solution of 0.1 mg/ml was added to the mixture and incubated for 20 min at room temperature in the dark. To remove an excess of reactants, the mixture was diluted to 1 ml with 0.01 M acetic acid, pH 4 (HAc) and applied to a Sep-Pak C-18 cartridge (Waters, Milford, MA), previously flushed with 20 ml of 0.01 M HAc. After rinsing with 20 ml of 0.01 M HAc, HNP-1 was eluted with 2 ml of methanol (Sigma Chemical Co.), followed by evaporating methanol using hot air. HNP-1 was resuspended in 100 l of Na-PB, and the peptide content was determined with the bicinchoninic acid method (Pierce, Oud-Beijerland, The Netherlands).
Labeling procedure and quality control. To study the pharmacokinetics of this antimicrobial peptide in vivo, HNP-1 was labeled with 99m Tc as previously described (12, 13) . Briefly, 10 l of HNP-1 (1 mg/ ml of 10 mM Na-PB, pH 3.0) was added to 2 l of an aseptical solution containing 0.5 mg/ml of stannous pyrophosphate (Department of Clinical Pharmacy and Toxicology, Leiden University Medical Center, Leiden, The Netherlands). Immediately thereafter, 4 l of a solution containing 10 mg of KBH 4 (crystalline; Sigma Chemical Co.)/ml 0.1 M of NaOH was added. After addition of 0.1 ml of 99m Tc-sodium pertechnetate solution (20 MBq; Mallinckrodt Medical BV, Petten, The Netherlands), the mixture was gently stirred at room temperature for 30 min. To remove an excess of reactants, the mixture was applied to and eluted from a Sep-Pak C-18 cartridge as described above. In vivo activity and biodistribution of 99m Tc-labeled HNP-1 were compared with those of 99m Tc-labeled IgG, a well established marker for monitoring infections (14, 15) . Labeling yields of 99m Tclabeled HNP-1 and IgG assessed by Sep-Pak analysis amounted to 88% and 90%, respectively. In addition, reverse-phase HPLC profiles of unlabeled, 99m Tc-labeled, and reduced and alkylated HNP-1 revealed that the latter eluted faster from the column than the other two, indicating that reduced and alkylated HNP-1, but not 99m Tclabeled peptide, differed from native HNP-1.
Bacteria. K. pneumoniae ATCC 43816 and S. aureus ATCC 25923 were obtained from the American Type Culture Collection (Rockville, MD). Overnight cultures of these bacteria were prepared in brain heart infusion broth (Oxoid, Basingstoke, UK) in a shaking waterbath at 37 Њ C. Aliquots of suspensions containing about 10 9 viable bacteria per milliliter of brain heart infusion broth were snap-frozen in liquid nitrogen and stored at Ϫ 70 Њ C. Just before use, an aliquot of this suspension was rapidly thawed in a waterbath at 37 Њ C and diluted in pyrogen-free saline.
Mice. Animal studies were done in compliance with the relevant laws relating to the conduct of animal experiments. Specific pathogen-free male Swiss mice weighing 20-25 g (Broekman Institute, Someren, The Netherlands) were used throughout the study. Mice were housed in the central animal housing facilities for at least 1 wk before the onset of the experiments. Food and water were given ad libitum.
Experimental peritoneal infections. To study the effect of infection with purified HNP-1 on bacterial infections in vivo, an experimental peritoneal infection model in mice was used (16) . Mice were anesthetized with an intraperitoneal injection of 0.2 ml of saline containing 1 mg of fluanisone and 0.03 mg of fentanyl citrate (Hypnorm; Janssen Pharmaceutics, Tilburg, The Netherlands). Immediately thereafter, an experimental intraperitoneal infection was established by injection of 1 ϫ 10 6 CFUs of K. pneumoniae in 0.1 ml of saline into the peritoneal cavity. 5 min thereafter, 0.2 ml of saline, containing various concentrations of HNP-1 (range 4 ng to 4 g/0.2 ml) or saline alone, was injected intravenously. Additional experiments were performed with 4 g of denaturated HNP-1. At various intervals, ranging between 0-24 h after injection of HNP-1, the mice were sacrificed by an intraperitoneal injection of 0.25 ml of saline containing 12 mg of sodium pentobarbital. Subsequently, the peritoneal cavity was lavaged by intraperitoneal injection of 4 ml of ice-cold PBS supplemented with heparin (50 IE/ml; Leo Pharmaceutical Products BV, Weesp, The Netherlands). The abdomen was gently shaken for 60 s, whereafter the peritoneal cells and bacteria were harvested and centrifuged for 5 min at 110 g at 4 Њ C. The number of bacteria (as assessed via CFUs) in the supernatant was determined by plating serial dilutions on diagnostic sensitivity test agar plates (Oxoid). The pellet containing the leukocytes was resuspended in 1 ml of PBS, and the total number of peritoneal leukocytes was counted in a Bürker hemocytometer after staining with a 0.2% Türks solution. The percentage of peritoneal macrophages, lymphocytes, and granulocytes was calculated by differential counts of 100 leukocytes, made in two MayGrünwald Giemsa-stained cytospin preparations (5 min ϫ 110 g ).
To study a possible role of leukocytes in the in vivo antibacterial effects of HNP-1, similar experiments were performed in mice rendered leukocytopenic by a single subcutaneous injection of 200 mg/kg of cyclophosphamide (Endoxan-Asta; Dogra, Diemen, The Netherlands), 4 d before the onset of the experiments (17) .
Experimental thigh infections. In addition to the peritoneal infection model, an experimental thigh infection model was used to assess the effect of HNP-1 treatment on bacterial numbers and to analyze simultaneously the accumulation of Tc-labeled IgG (0.33 M), or saline alone was administered. At the end of the experiments (4 h or 24 h after injection of the tracers), the animals were sacrificed by an intraperitoneal injection of 0.25 ml of saline containing 12 mg of sodium pentobarbital (Sanofi BV, Division Algin, Maassluis, The Netherlands). The infected thigh muscles were removed and, after weighing, homogenized in 4 ml of PBS. Appropriate dilutions of the homogenate were plated onto diagnostic sensitivity test plates (Oxoid), and the number of colonies was counted after overnight incubation at 37 Њ C. Results are expressed as the number of CFUs per gram of infected tissue. All negative cultures were assigned the value 100 CFU/ml, the lower limit of detection.
Biodistribution of radiolabeled proteins. The pharmacology of 99m
Tc-labeled HNP-1 and IgG (as control) in infected mice was assessed using single-photon emission computed tomography (19) . Preceding scintigraphy, a subcutaneous injection of 0.2 ml of 0.2 mg diazepam (Valium; Hoffmann-LaRoche, Mijdrecht, The Netherlands) was administered into the mice for muscle relaxation to obtain optimal acquisitions. The mice were placed in supine position on a planar gamma camera (GCA 901A/W2; Toshiba, Tokyo, Japan) with both hind legs spread out and fixed with surgical tape. Continuous whole body acquisitions of the mice for 60 s during the first hour, and 5 min images at 4 h and 24 h after administration of the tracer, were made with a gamma camera, equipped with a low-energy general purpose parallel-hole collimator. The camera was connected to a computer (GMI-52A; Toshiba), and images of the animals were obtained in a 256 ϫ 256 matrix. The energy peak was set at 140 keV with a window of 20%. On the scintigrams of the mice, regions of interest (ROIs) measuring 5 mm ϫ 5 mm were drawn over infected (target) and noninfected (nontarget) thighs. The target-to-nontarget ratio of the counts in these ROIs (T/NT ratio) of each mouse was taken as a measure for accumulation of the peptide at sites of infection. The uptake of the peptide by kidneys, liver, urine bladder was determined in anatomically rendered ROIs, drawn over these organs of infected mice. The clearance of the radiolabeled peptides from the circulation was determined from the counts in a ROI (3 mm ϫ 3 mm) drawn over the heart (20) .
Assay of antibacterial and antiviral activity of HNP-1 in vitro.
The antibacterial activity of HNP-1, Tc-labeled HNP-1, and reduced and alkylated HNP-1 was investigated in a suspension assay using logarithmic-phase K. pneumoniae. Briefly, 0.1 ml of 10 mM Na-PB, pH 7.4, containing 10 g of HNP-1, 10 g of denaturated (reduced/ alkylated) HNP-1, or 10 g of 99m Tc-HNP-1 was added to 0.1 ml of Na-PB supplemented with 2% (vol/vol) tryptic soybean broth (Difco Laboratories, Detroit, MI) containing 2 ϫ 10 5 of K. pneumoniae. At the onset of the incubation and after 2 h and 3 h of incubation at 37 Њ C in a shaking waterbath, the number of viable bacteria in the samples was determined microbiologically. The outgrowth of bacteria was calculated and compared with the diluent alone. The antiviral activity of native HNP-1 and reduced/alkylated HNP-1 was tested in an assay using Herpes simplex Type I as a target, as described by Daher et al. (11) .
Statistical analysis. The Mann-Whitney U test was used to calculate the significance of the difference in effects between HNP-1 and saline injections on bacterial numbers in infected mice. Also, this test was applied to analyze differences between 99m Tc-labeled HNP-1 and IgG in relation to accumulation and biodistribution in mice with an experimental thigh infection. The relation between doses of HNP-1 and leukocyte numbers was assessed using Pearson's correlation test. The level of significance was set at P Ͻ 0.05 (21) .
Results

Peritoneal infections
Antibacterial activity of HNP-1 in experimental peritoneal infections. The effect of treatment with various doses of HNP-1 on bacterial numbers in the peritoneal infection model was determined 24 h after the administration of HNP-1. The number of bacteria recovered from the peritoneal cavity from mice treated with doses of HNP-1 ranging from 4 ng to 4 g was statistically significant ( P Ͻ 0.04) lower as compared with bacterial numbers in saline-treated mice (Table I) . HNP-1 administration did not affect bacterial numbers in mice rendered leukocytopenic by cyclophosphamide treatment (Table II) .
Effect of reduction and alkylation of HNP-1 on its antibacterial activity. The effect of HNP-1 that had been denaturated by reduction and alkylation on peritoneal bacterial numbers was compared with that of native HNP-1 in K. pneumoniaeinfected mice. The results revealed that the number of viable bacteria in the thigh of mice injected with denaturated HNP-1 (2.4 Ϯ 1.3 ϫ 10 5 /g muscle) did not differ from mice injected with saline (6.5 Ϯ 5.5 ϫ 10 5 /g muscle) and was statistically significantly ( P Ͻ 0.01) higher than in mice injected with native HNP-1 (6.4 Ϯ 1.7 ϫ 10 3 /g of muscle). These data indicate that denaturated HNP-1 does not display antimicrobial activity in vivo.
Leukocyte infiltration at sites of infection in HNP-1-treated mice. In K. pneumoniae -infected mice, an increase in the number of peritoneal macrophages, granulocytes, and lymphocytes was observed at all time intervals after injection (Fig. 1 , A-C). The increase (P Ͻ 0.04) in leukocyte numbers in peritoneal lavage of injected mice was dependent on the dose of HNP-1 administered (Table I) and was not observed with HNP-1 that had been denaturated by reduction and alkylation. HNP-1 also increased leukocyte numbers in leukocytopenic mice (Fig.  1 , A-C; Table II) . However, absolute cell numbers were lower than in HNP-1-or saline-treated normal mice. Tc-IgG and saline were observed. In accordance with the results of the K. pneumoniae infection, also in S. aureus-infected mice a statistically significant (P Ͻ 0.01) lower number of bacteria in mice after injection of 99m Tc-HNP-1 was observed (Fig. 3) .
Thigh infections
Biodistribution of 99m
Tc-labeled HNP-1 in bacterially infected mice. To study the pharmacology of HNP-1 in vivo, 99m Tc-labeled HNP-1 was injected in bacterially infected mice. Single-view whole body scintigrams were made with a gamma camera. On the scintigrams, ROIs were drawn, enabling the recording of the radioactivity in organs, such as heart, liver, kidneys, and bladder, and in infected areas at various time intervals. The results revealed that Tc-IgG were rapidly removed from the circulation by the kidneys, and subsequently the bladder, followed by excretion via urine. In K. pneumoniae-and S. aureus-infected mice, the clearance of 99m Tc-HNP-1 from the circulation, determined by calculating radioactivity in ROI drawn over the heart, is statistically signif- 
Antibacterial and antiviral activity of labeled and denaturated HNP-1 in vitro
The effect of the labeling procedure on the antibacterial activity of HNP-1 against K. pneumoniae was determined in vitro. At 50 g/ml, both HNP-1 and 99m Tc-labeled HNP-1 were equally bactericidal toward K. pneumoniae; at 2 h and 3 h of incubation no viable bacteria were detectable by colony counting.
In addition, the effect of reduction and alkylation of HNP-1 on the in vitro antibacterial and antiviral activity was assessed. HNP-1 denaturated by reduction and alkylation displayed a marked reduced antibacterial activity against K. pneumoniae in vitro. Denaturated HNP-1 caused a minor (11%) reduction in bacterial numbers, whereas upon incubation with native HNP-1 no residual viable bacteria were observed as determined by colony counting. Similar results were observed in additional experiments in which we studied the effect of reduction and alkylation of HNP-1 on the antiviral activity of HNP-1 in an assay using Herpes simplex Type I as target. The results revealed that denaturated HNP-1 in contrast to native HNP-1 did not display antiviral activity.
Discussion
The main conclusion from this study is that administration of HNP-1 results in a marked decrease in bacterial numbers in experimental infections in mice. This activity is associated with local phagocyte and lymphocyte accumulation, which appears to be essential for the observed antibacterial effect with HNP-1 as determined in leukocytopenic mice. Originally, the present studies were initiated to investigate the ability of Tc-IgG to localize experimental infections in mice (Welling et al., manuscript in preparation). During the course of these studies, we noted marked differences between HNP-1-and saline-or IgG-treated mice. Whereas the bacterial infection caused marked changes in the behavior and appearance in control or IgG-treated mice, this was much less apparent in HNP-1-treated animals. This prompted us to investigate the effect of HNP-1 treatment on bacterial numbers.
We considered the possibility that contaminants in the HNP-1 preparation caused the observed effects of HNP-1 on bacterial and leukocyte numbers. It is unlikely that contaminating traces of LPS in the HNP-1 preparation could explain our findings because LPS content was found to be Ͻ 100 pg/ml, far below concentrations needed for LPS to induce chemokine synthesis (22, 23) . In addition, control experiments using HNP-1 that had been denaturated by reduction and alkylation were performed. We observed that the in vitro antiviral and antibacterial activity of HNP-1 was completely abrogated by reduction and alkylation, as was also described by others (11) . In addition, upon reduction and alkylation, HNP-1 lost its antibacterial activity in vitro. Also in vivo, reduced and alkylated HNP-1 did not affect bacterial or leukocyte numbers in experimental peritoneal K. pneumoniae infections. These results indicate that the integrity of the disulphide bonds in HNP-1 is required for its in vitro and in vivo antibacterial activities and argue against contaminants in the HNP-1 preparation as being the active substances mediating the marked effects of HNP-1 in vivo.
What are the possible mechanisms involved in the in vivo antibacterial activity of HNP-1 in experimental infections in mice? First, in view of the very small amounts of HNP-1 injected, it is extremely unlikely that the observed effects can be explained by a direct antibacterial effect of injected HNP-1. Our observation that HNP-1 treatment increases local leukocyte accumulation at the site of infection and the absence of an antibacterial effect of HNP-1 treatment in leukocytopenic mice suggests that leukocytes that have been recruited as a result of HNP-1 treatment eradicate the local infection. In agreement with this view, we found that the increase in leukocyte numbers in cyclophosphamide-treated mice after administration of HNP-1 was statistically significant (P Ͻ 0.01) though smaller than in control mice, and therefore this influx may have been insufficient. Recently, we found that different (synthetic) antimicrobial peptides also display both antimicrobial and chemotactic effects in infected mice, indicating that these effects in mice are not restricted to HNP-1. Furthermore, our present results for HNP-1 are in line with the observation by Chertov et al. (6) , demonstrating that a subcutaneous injection of 1 g of HNP-1 results in accumulation of neutrophils and mononuclear cells. In addition, this hypothesis is supported by reports on the in vitro chemotactic activity of neutrophil defensins for lymphocytes and monocytes (5, 6) , and the capacity of high concentrations (100 g/ml) to induce IL-8 secretion from epithelial cells (7). Activation of accumulated neutrophils by HNP-1 is another possible explanation, but in vitro studies demonstrate that neutrophil defensins decrease phagocytosis and the associated production of reactive oxygen intermediates (24) . We cannot exclude the possibility that the opsonic activity of neutrophil defensins (25) contributes to the observed in vivo antibacterial activity. It has to be noted that all these reported effects of neutrophil defensins were noted with higher concentrations than those that are expected to be found locally in mice injected with the amounts of HNP-1 used in the present study.
In our experiments, we used human neutrophil defensins in murine infection models. Murine neutrophils, in contrast to those of other rodents, do not contain defensins (26) . Mice are not devoid of defensins, since murine Paneth cells contain cryptdins, which, like neutrophil defensins, belong to the subfamily of ␣-defensins (4). In addition, recently the first murine ␤-defensin was identified (27) . The use of human neutrophil defensins in mice may in part explain why the extremely small amounts of injected HNP-1 cause the marked effects observed in the present study. It was previously reported that subcutaneous injection of 1 g of HNP-1 in mice results in local leukocyte accumulation (6) . The effects observed in the present study were already achieved with doses of HNP-1 below 1 g. We cannot exclude the possibility that human neutrophil defensins are particularly active in activating mouse endogenous defense systems, whereas their activity in homologous systems may be much less pronounced. This is an important consideration in view of reports demonstrating that in sepsis and various infections in humans, neutrophil defensins reach plasma levels that by far exceed those expected to be found in the murine circulation of HNP-1-injected animals in the present study (28, 29) .
Finally, we determined the use of 99m
Tc-labeled HNP-1 as an infection-seeking tracer. In the thigh infection model, it was demonstrated that shortly after injection, Tc-labeled IgG, lower T/NT values as observed at intervals from 4 h on might be explained by the reduction in bacterial number induced by HNP-1, because an increase in the accumulation of IgG is related to the outgrowth of bacteria present at the site of infection (9) . The difference in molecular size between HNP-1 (mol wt ϭ 3500) and IgG (mol wt ϭ 150,000) is a plausible explanation for enabling small molecules to get easier access to infected sites (15) .
In summary, HNP-1 displays a marked antibacterial activity in experimental infections in mice. This activity is associated with local leukocyte accumulation, which appears to be essential for the antibacterial activity due to the absence of that effect in leukocytopenic mice. In addition, the accumulation of 99m Tc-labeled HNP-1 at the site of infection may be of potential use to localize bacterial infections.
